Mild traumatic brain injury (mTBI) patients frequently experience emotion dysregulation symptoms, including posttraumatic stress. Although mTBI likely affects cortical activation and structure, resulting in cognitive symptoms after mTBI, early effects of mTBI on cortical emotion processing circuits have rarely been examined. To assess early mTBI effects on cortical functional and structural components of emotion processing, we assessed cortical activation to fearful faces within the first 2 weeks after motor vehicle collision (MVC) in survivors who did and did not experience mTBI. We also examined the thicknesses of cortical regions with altered activation. MVC survivors with mTBI (n = 21) had significantly less activation in left superior parietal gyrus (SPG) (-5.9, -81.8 ) than MVC survivors without mTBI (n = 23). SPG activation in mTBI survivors within 2 weeks after MVC was negatively correlated with subsequent post-traumatic stress symptom severity at 3 months (r = -0.68, p = 0.03). Finally, the SPG region was thinner in the mTBI survivors than in the non-mTBI survivors (F = 11.07, p = 0.002). These results suggest that early differences in activation and structure in cortical emotion processing circuits in trauma survivors who sustain mTBI may contribute to the development of emotion-related symptoms.
Introduction

M
ild traumatic brain injury (mTBI) is common worldwide, and is estimated to affect 600 of every 100,000 adults each year. [1] [2] [3] Following mTBI, symptoms that include altered emotional responses, irritability, post-traumatic stress, and/or depression, may quickly develop. [4] [5] [6] [7] [8] [9] [10] Although these symptoms may spontaneously remit in some patients over subsequent weeks, 7, 8 emotion-related symptoms remain significantly more apparent in mTBI than in non-mTBI trauma survivors at months to years with trauma that results from combat or traffic accidents. [4] [5] [6] [9] [10] [11] [12] The mechanisms that link mTBI to the pathophysiology of these emotion-related symptoms remain unclear.
Functional neuroimaging studies suggest that prefrontal, cingulate, and insular cortical regions, as well as subcortical nuclei including the amygdala, are involved in emotion processing and regulation. [13] [14] [15] In addition, occipital and parietal cortical regions have been linked to processing of visual emotional stimuli, and the temporal cortex has been linked to processing of auditory emotional stimuli. [16] [17] [18] It is thought that mTBI may rapidly compromise some or all these circuits to cause emotion-related post-mTBI symptoms. 19 However, to date, most post-mTBI functional magnetic resonance imaging (fMRI) work has focused on memory and attention, 20, 21 rather than on emotional responses or regulation. The findings suggest that mTBI rapidly affects cortical activation in the days to months after mTBI in ways that contribute to memory and attention deficits. [20] [21] [22] [23] A few studies in chronic mTBI patients report deficits in negative emotion processing that may contribute to post-traumatic stress disorder (PTSD) or depressive symptoms, which suggests a link between mTBI and the development of these disorders. [24] [25] [26] A recent study indicates that chronic mild and moderate TBI may impair cortical processing of affective facial features, possibly contributing to impaired interpersonal skills and development of mood disorders. 27 To date, studies have focused on chronic changes, and have not tested for early functional effects of mTBI. Consequently, there is little understanding of mTBI contributions to the development of early emotion processing or regulation deficits.
Advanced MRI approaches have begun to identify post-mTBI brain structural changes that were unrecognized with conventional radiological examination. Early mTBI effects on white matter (WM) integrity, microhemorrhaging, [28] [29] [30] and hypo-and hyperperfusion [31] [32] [33] have been reported. High resolution structural MRI (sMRI) has detected alterations in cortical thickness [34] [35] [36] and volume. 37, 38 A few studies have simultaneously examined brain activation and structure after mTBI and suggested that structural changes might be associated with changes in activation of attention/ working memory tasks. 39 Although changes in the WM of emotion circuitry may explain some post-mTBI emotional symptoms, 25, [40] [41] [42] [43] we recently reported that mTBI-related changes in right precuneus cortex thickness within days after motor vehicle collision (MVC) are associated with severity of acute post-traumatic stress symptoms. 35 This finding raises the possibility that cortical thickness changes also contribute to post-mTBI alterations in emotion processing. However, cortical structural changes that contribute to emotional activity have not been examined.
In the current study, we assessed activation and structure of cortical regions involved in emotion processing within days after MVC in survivors who did or did not have mTBI. Survivors were asked to identify the gender of faces showing fearful expressions as contrasted with faces showing neutral expressions. These tasks activated cortical circuits that are involved in processing of emotional facial stimuli. 17, 18, 44 These circuits include early visual areas (V1-V4), fusiform face areas, lateral fusiform and superior temporal pathways involved in processing of gender and facial expressions, and limbic frontal cortical regions involved in processing and regulating negative emotions. 45, 46 One goal was to examine mTBI effects on cortical processing of emotional visual stimuli. In addition, we assessed relationships between cortical activation and thickness using our previously described cross-modal analytical approach. 47 Finally, we assessed post-traumatic stress symptoms at 3 months after MVC to test for potential correlations between persistent emotion-related symptoms and early cortical emotional activity after mTBI.
Methods
Participants and assessments
Forty-four adult (18-60 years old) MVC survivors were recruited from emergency departments (EDs) within 48 h of the accident. The survivors were excluded if they were: pregnant, under the influence of alcohol or recreational drugs at the time of the accident, seriously injured (Abbreviated Injury Scale score >2), or had sustained moderate to severe TBI (Glasgow Coma Scale [GCS] scores <13, or any abnormality detected with conventional computerized tomography in the ED). All survivors gave written Institutional Review Board approved informed consent. All survivors were alert and oriented upon testing. Survivors completed selfreports in the ED that included the Rivermead Post-Concussion Symptoms Questionnaire, 48 as well as information about the MVC. Police traffic reports from the Ohio Department of Public Safety (https://ext.dps.state.oh.us) were used to confirm information on the MVC collected in EDs. Three months after MVC, 24 survivors completed the PTSD Checklist-Stressor Version (PCL) questionnaire with the MVC specified as the index traumatic event. 49, 50 mTBI diagnosis mTBI was diagnosed according to American Congress of Rehabilitation Medicine (ACRM) criteria using ED medical records and self-reported symptoms. Using this ED information, individuals who had experienced head impact or acceleration-deceleration during MVC were considered to have sustained mTBI if they had loss of consciousness (LOC) for <30 min, post-traumatic amnesia (PTA) for <24 h, or severe neurological symptoms such as disorientation, dizziness, or headache. 51 MVC survivors who did not meet any ACRM criteria served as a non-mTBI control group.
MRI data acquisition
All participants completed MRI brain scanning within 2 weeks after MVC, except one participant who was scanned at 20 days. MVC survivors were scanned using a 3 T General Electric Signa HDX MRI scanner. Survivors were positioned in the scanner and their heads were comfortably restrained to reduce movement. Heart rate and respiration were monitored throughout the experiment. fMRI images were acquired with a T2*-weighted, Echo Planar Imaging pulse sequence (single-phase gradient echo pulse sequence, repetition time . 52 An additional T1-weighted sMRI scan for intermediate overlaying of fMRI data was obtained using a gradient recall echo (GRE) sequence (2 excitations, TR = 250 ms, TE = 3.6 ms, FA = 90 degrees, FOV = 240 mm, matrix = 64 · 64, slice thickness = 3.5 mm, 34 axial slices to cover the whole brain).
fMRI paradigm
Blood oxygenation level dependent (BOLD) activation patterns associated with implicit emotion processing and regulation were probed using a Shifted-Attention Emotion Appraisal Task (SEAT). The SEAT paradigm is composed of trials that use a gray-scaled compound picture that presents an angry, fearful, or neutral emotional face on a background of an indoor or outdoor scene (Fig. 1) . The subjects are cued to judge whether: 1) the face is male or female (Male/Female); 2) the background is of an indoor or outdoor scene (Indoor/Outdoor); or 3) they like or dislike the face (Like/Dislike). These three trial types activate different neural circuits and probe activation that is respectively associated with implicit emotion induction, emotion modulation by attention, or emotion modulation by cognitive appraisal. 53, 54 Uncompounded pictures of either neutral faces or building scenes were used for control trials. Inter-trial intervals were randomized from 3 to 8 sec. Fourteen trials for each task and 10 control trials were organized into three runs of *7 min/run. The paradigms were created with E-Prime (PST, Inc., Pittsburgh, PA), and run on a Dell workstation. Stimuli were presented with a high resolution fMRI visual goggle presentation system (NordicNeuroLab). A fiberoptic button system (Psychology SoftwareTools, Inc.) was used to record responses. Time series of trials and survivor responses were logged in E-Prime.
Multi-plane surface-based integrative analysis of fMRI and sMRI data
A multi-plane surface-based approach was used to test mTBI effects on cortical activation and thickness in functionally defined cortical regions (http://homepages.utoledo.edu/xwang/index.html). 47 Image processing was as follows.
First, high resolution T1-weighted sMRI images were processed in FreeSurfer (version 4.5.1) (http://www.surfer.nmr.mgh.harvard. edu/fswiki) 55 to create a continuous grid of vertex (1 mm 2 thickness 274 WANG ET AL.
measures covering each hemisphere). Individual MRI slices were visually inspected and inaccuracies in pial and WM borders were manually corrected if necessary. Second, fMRI data were processed using FEAT from FSL 5.0.2.2 (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). fMRI images underwent removal of the initial four volumes, skull-striping, slice timing correction, motion correction, and high-pass temporal filtering (128 sec). fMRI data were not smoothed, to ensure spatial accuracy for surface rendering. Individual level activations were calculated with fixed effect in the FMRIB's Improved Linear Model (FILM). Contrasts among different trial types were used to identify brain activation patterns associated with each trial type.
Subsequently, FLIRT/FSL was used to register each individual's activation maps with high-resolution structural images, using the low-resolution structural image as an intermediate to create initial registration parameters. Initial registration parameters were finetuned by rerunning all steps using FLIRT plus FreeSurfer boundary-based corrections for cortical borders. fMRI contrast images were registered to individual high-resolution structural images using optimized registration parameters and then registered to the FreeSufer atlas using the surface-based registration parameters of the individual high-resolution structural images.
Next, the FreeSurfer surface-based fMRI analysis procedure (http://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/MultiModal/) was independently performed at five planes of thickness in cortex. The five planes were at 0, 25, 50, 75, and 100% of cortical thickness from the WM surface. Activation located inside a plane within a subject was normalized to the corresponding plane in the FreeSurfer atlas. The normalized individual activation was then spatially smoothed along the surface using a two-dimensional Gaussian kernel of full width at half maximum (FWHM) of 8 mm. Group comparisons of cortical activation were performed at every vertex using a general linear model (GLM) of two sample t tests, controlling for age and gender. The maximal z scores across all five planes of each vertex were summed on the WM surface of the atlas. A cluster-wise correction for multiple comparisons within each hemisphere was performed by means of Z Monte Carlo simulations as implemented in FreeSurfer. 56 Differences were considered significant after a multiple comparison correction with a cluster-wise p value <0.05 and a surface area >100 mm 2 .
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Finally, cortical thickness and task-related activation were extracted from functionally defined regions of interest (ROIs). Significantly active clusters in each of the five planes in the FreeSurfer template were individualized to the individual spaces. The individualized supra-threshold vertices on any plane were summed to create a surface ROI for the individual. The thickness of vertices in the individual surface ROI was extracted from the subject's thickness map, and a 3D ROI for measures of activation of the region was reconstructed. We projected the individualized suprathreshold vertices on each plane to a ribbon around the plane. The planes of the pial surface and of the WM surface were inwardly projected to 12.5% of cortical thickness. The other three planes were projected to 25% of cortical thickness centered at the plane. Each surface vertex was projected to a 1 mm 3 space in the ribbon, and any 3D 1 mm 3 voxel in the ribbon was included if it was hit by the projection of any of the surface vertices. The hit voxels from all ribbons were merged to create a 3D volume ROI. The 3D volume ROI was registered on a segmentation map of gray matter to remove non-cortical voxels. The task-related activations in each run were represented by the average percent change in contrast of perimeter estimates (COPE) extracted from the 3D volume ROI using FSL/featquery. The extracted COPEs were then averaged across all three runs.
Statistical analysis
SPSS-21 was used for statistical analyses. Survivor age and the time between the MVC and MRI scan were compared for mTBI and non-mTBI groups using two sample t tests. Univariate analyses of variance (ANOVA) of PCL scores and mean cortical thickness of ROIs were conducted using mTBI diagnosis as an independent variable, controlling for age and gender. Relationships between activation and PCL were examined with partial correlation analyses, controlling for age and gender. The response times and accuracy of identifying gender of fearful and neutral faces were analyzed in a repeated measure factorial design of emotion by group. Results are reported as mean -standard deviation, with p < 0.05 considered significant.
Results
Symptoms and demographics
Twenty-one survivors met diagnostic criteria for mTBI (mTBI group), whereas the remaining 23 survivors were free of mTBI 
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symptoms (non-mTBI group). We previously reported that the mTBI and non-mTBI groups did not significantly differ in age or the time between MVC and the MRI scan (t test, p > 0.1, Table 1 ). 35 Gender and direction of collision were similarly distributed in both groups (Table 1) . Twelve mTBI survivors and 12 non-mTBI survivors completed PCL questionnaires at 3 months after MVC, and PCL scores were not significantly different between groups (F[1, 20] = 1.40, p = 0.251, g 2 = 0.07).
mTBI effects on cortical emotion processing
Activation associated with implicit emotional responses was revealed by contrasting the identification of the gender of fearful faces versus neutral faces. Compared with the non-mTBI group, the mTBI group had significantly less activation in response to fearful faces in clusters in the left superior parietal gyrus (SPG) and left medial orbitofrontal gyrus (mOFG), and bilaterally in the lateral orbitofrontal gyri (lOFG) (Fig. 2, Table 2 ).
Early cortical emotion activation relationships to persistent emotion-related symptoms
The above mentioned early decreased activation in the left SPG in the days after MVC was significantly negatively correlated with PCL scores 3 months after MVC in mTBI survivors (r = -0.68, p = 0.03, df = 8, Fig. 3 ). In contrast, this correlation was not significant in non-mTBI survivors (r = -0.37, p = 0.29, df = 8). 
FIG. 2.
Differences in activation associated with the contrast of identifying genders of fearful versus neutral faces between mild traumatic brain injury (mTBI) and non-mTBI groups within 2 weeks after motor vehicle collision (MVC). Supra-threshold regions are numbered in accord with region numbers in Table 2 . mTBI group has less (blue) activation than the non-mTBI group.
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mTBI effects on cortical thickness of functionally defined ROIs
The mean cortical thickness of the left SPG ROI with reduced activation was significantly thinner in the mTBI group than in the non-mTBI group (Table 2) . Thicknesses in mOFG and lOFG ROIs were not different in the two groups.
Behavioral responses to identification of genders of emotional faces
In both groups, accuracy of identifying the gender of fearful faces was lower than on neutral face trials (F [1, 34] 
Discussion
Emotional symptoms are often reported after mTBI; however, few studies have directly assessed mTBI effects on early posttrauma emotion processing in cortical circuits. The present study reports reduced early post-mTBI activation in the left SPG and bilaterally in the orbitofrontal (OFG) in mTBI survivors during processing of fearful face visual stimuli. We also report for the first time structural thinning in the left SPG that co-localizes with reduced SPG emotion activation in mTBI survivors. Finally, the results provide evidence that supports an association between early reductions in activation in the left SPG and severity of posttraumatic stress symptoms 3 months after trauma in mTBI survivors. These findings suggest that mTBI leads to early cortical functional and structural states that contribute to later emotionrelated symptoms.
Reduced early SPG activation in mTBI survivors compared with non-mTBI survivors mTBI survivors in this study had reduced left SPG BOLD activation in a task involving viewing of fearful faces. Previous studies report that the SPG is active during working memory tasks, and that SPG activation is associated with recovery from cognitive and somatic symptoms in the weeks after a sport-related concussion. 58, 59 SPG activation has been linked to spatial perception and spatially directed attention. 60 A bilateral intraparietal sulcus region that overlaps with the SPG cluster is active in eye gaze. 61 If diminished SPG activation reflects altered processing of fearful expressions or other dynamic features of the face, it is possible that mTBI impairs this processing and contributes to impairment of interpersonal skills and mood disorders following TBI. 27 Early decreased SPG activation in response to fearful faces negatively correlated with post-traumatic stress symptoms at 3 months after MVC in mTBI survivors. This suggests that early SPG emotionrelated activation states may be involved in or might herald the development of post-traumatic stress symptoms. Several factors, including a history of pre-injury mental health problems, have been linked to post-traumatic stress symptoms. 8 The current findings suggest that mTBI effects on emotion processing may be an additional contributor to post-traumatic stress symptoms.
Decreased SPG cortical thickness in mTBI survivors compared with non-mTBI survivors
In the mTBI group, cortical thinning occurred in the left SPG ROI where decreased activation was seen. Studies of a specific type of trauma report early alterations of cortical thickness, 33, 37 and studies involving diverse traumas report cortical volume changes. Regions are numbered as in Figure 2 . b Contrast, error degrees of freedom (df): (1, 40) . *Statistically significant at p < 0.05 level; NS = not significant. SPG, superior parietal gyrus; mOFG, medial orbitofrontal gyrus; lOFG, lateral orbitofrontal gyrus; fMRI, functional magnetic resonance imaging; mTBI, mild traumatic brain injury; ROI, region of interest.
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FIG. 3.
Negative correlation between left superior parietal gyrus (SPG) activation associated with identification of gender of fearful faces within 2 weeks and PTSD Checklist-Stressor Version (PCL) scores at 3 months after motor vehicle collision (MVC) in mild traumatic brain injury (mTBI) survivors.
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SPG is vulnerable to coup/contrecoup injury in frontal/rear axis MVCs. 62, 63 The present SPG thinning might reflect a structural underpinning of the reduced emotion-related activation in SPG. Co-localization of cortical thinning and lower functional activation has been reported in several diseases. 64, 65 Mechanistically, acute hypoperfusion caused by microvasoconstriction following mTBI may reduce cortical thickness and affect fMRI activation. 66, 67 From this thinking, multiple modality investigations of co-localization of cortical vascular, structural, and functional changes appear to offer promise for identifying early mechanisms by which mTBI affects cortical emotional functions and symptoms.
From our previous vertex-based, whole cortex analysis of the same subjects, we reported thickening in right precuneus and thinning in left posterior middle temporal gyrus. 35 Although left SPG thickness decreases did not reach significance in these previous whole cortex analyses that used correction for multiple comparisons, decreased thickness was evident in the present analysis of mean cortical thickness extracted from a single functionally defined SPG ROI. These different findings likely reflect differences in the previous exploratory versus the present targeted ROI approaches. The observed thickness changes in right precuneus and left SPG and posterior middle temporal gyrus might also suggest that mTBI may have had different effects on the posterior left and right hemispheres. We suggest that right precuneus thickening may result from micro-edema, 68, 69 and that thinning in the left SPG and posterior middle temporal gyrus may result from hypoperfusion, but these possibilities require further study.
Reduced early OFG activation in MVC survivors compared with non-mTBI survivors mTBI survivors had reduced activation in the left mOFG and bilaterally in the lOFG during emotional processing of facial expressions. However, OFG ROI thicknesses did not differ in mTBI versus non-mTBI survivors, nor was OFG ROI activation correlated with PCL symptom severity at 3 months. OFG has been implicated, for example, in integration of sensory, limbic, and prefrontal cortical inputs and in top-down inhibitory control of emotions. [70] [71] [72] Abnormalities in OFG function and structure have been reported in psychiatric disorders including PTSD. 73 Studies are needed to further elucidate the role of early OFG activation in post-mTBI recovery.
Limitations
This preliminary study has the following limitations. First, partly reflecting the difficulty in performing fMRI analyses during the early post-trauma stage, the sample was modest and further reduced before the 3 month follow-up was completed. Additional work is needed to confirm the present findings in larger samples. Similarly, replication in an independent sample is required to resolve the apparent inconsistency in SPG cortical thickness findings seen with our previous vertex-based whole brain analysis 35 and the current ROI analysis. Second, we studied mTBI and non-mTBI survivors who had experienced MVC and had similar physical injuries. This design did not permit assessment of changes that might be present in both mTBI and non-mTBI survivors as a consequence of MVC trauma. Inclusion of trauma-free healthy controls in future studies would be useful. Third, both groups had a low level of post-traumatic stress symptoms at 3 months; therefore, our study did not test if mTBI after MVC resulted in a higher incidence of PTSD. Finally, the current report did not address possible changes in subcortical (e.g., amygdala) or archicortical structures (e.g., hippocampus).
Conclusion
The current findings demonstrate mTBI effects on BOLD activation and structure of cortical emotion circuits during the early post-mTBI period. The novel cross-modal analysis allowed examination of potential structural mechanisms that may contribute to rapid cortical functional change after mTBI. The relationship between early cortical changes and the severity of post-traumatic stress symptoms in mTBI survivors suggests potential targets for future attempts to reduce development of post-traumatic stress and other emotion-related symptoms.
